Although membrane proteins account for approximately 30 % of the coding regions of all sequenced genomes and play crucial roles in many fundamental cell processes, there are relatively few membranes with known 3D structure. This is likely due to technical challenges associated with membrane protein extraction, solubilization and purification. Membrane proteins are classified based on the level of interaction with membrane lipid bilayers, with peripheral membrane proteins associating noncovalently with the membrane, and integral membrane proteins associating more strongly by means of hydrophobic interactions. Generally speaking, peripheral membrane proteins can be purified by milder techniques than integral membrane proteins, whose extraction require phospholipid bilayer disruption by detergents.
Introduction
Membrane proteins are associated with the membrane of a cell or particular organelle and are generally more problematic to purify than water-soluble proteins. Membrane . The structural biology of membrane proteins is an ever expanding area, with the experimental determination of more than 2,000 structures to date 8 . Nevertheless, purification of membrane proteins remains a challenge due to the physiochemical properties that affect their solubilization and purification in sufficient quantities for crystallisation.
Membrane proteins are classified into peripheral and integral membrane proteins, which are associated to varying degrees with the phospholipid bilayer (9, 10).
Peripheral or extrinsic membrane proteins interact with the membrane surface noncovalently by means of electrostatic and hydrogen bonds. Peripheral membrane proteins can be recruited to the membrane during signalling events or are constitutively localised to the membrane. Integral or intrinsic membrane proteins are more strongly associated with the membrane and interact with hydrophobic moieties of the phospholipid bilayer. They contain one or more characteristic runs of apolar amino acids that span the lipid bilayer (9). Integral membrane proteins are further classified into Type I, which are positioned so that their COOH-terminus is embedded in the cytosol or Type II, which are positioned with the NH 2 -terminus in the cytosol.
Although there is no single protocol for the purification of membrane proteins, it is the initial stages of membrane protein solublilization where problems are most frequently encountered. This chapter addresses important criteria for membrane protein extraction and solubilization. The methods section describes protocols for the successful extraction of peripheral membrane proteins, solubilization of integral membrane proteins, and detergent removal which is important not only for retaining native protein stability and biological functions, but also for the efficiency of downstream purification techniques.
Considerations for Membrane Protein Purification
The analysis of membrane proteins represents a significant technical challenge in the field of proteomics and there are several reasons why the purification of membrane proteins is more difficult than that of water-soluble proteins. Firstly, endogenous expression of membrane proteins is relatively low and usually quite large quantities of protein are required for structural investigations. Increased protein yield may be obtained by over-expressing a recombinant membrane protein of interest in bacterial, yeast, mammalian or various cell-free expression systems (4, 11, 12). However, differences in post-translational modifications such as glycosylation, phosphorylation and acylation can result in decreased specific activity of the recombinant protein compared to the native form. This may be overcome by using site-directed mutagenesis of the amino acids that form such modifications or by adopting changes in the conditions of the protein expression system (5). Once solubilized, membrane proteins are often more susceptible to degradation by proteases. Thus, addition of protease inhibitors such as ethylenediamine tetraacetic acid (EDTA), which inactivates metalloproteases, or phenylmethyl sulfonyl fluoride (PMSF), which inhibits serine proteases, needs to be considered.
It is also worthwhile considering the availability of efficient functional assays to detect the integrity of the protein of interest at different stages during the purification process, for example measurement of enzymatic activity and immuno-or ligandbinding assays. Given the unique properties of individual proteins, it is usually necessary to determine appropriate assays on a case-by-case basis (13). There is no single protocol for obtaining membrane protein purification, more likely a series of methods are needed, depending on the particular needs of the investigator.
Peripheral Membrane Protein Extraction
Peripheral membrane proteins can be dissociated using relatively mild techniques that break the electrostatic or hydrogen bonds between the peripheral proteins and the membrane, without total membrane disruption. Common dissociating reagents for the extraction of peripheral membrane proteins are listed in Table 1 Insert Table 1 about here
Integral Membrane Protein Extraction
In order to solubilize integral membrane proteins it is necessary to disrupt the lipid bilayer, which may be achieved with organic solvents but is more commonly accomplished using detergents. Extraction using the organic solvent N-butanol (see A list of commonly used detergents for extraction of integral membrane proteins is shown in Table 2 . Selection of a particular detergent depends on the properties of the protein of interest and the given aims of subsequent experiments involving the purified protein.
If there is little information in the literature on the purification of similar proteins, or if one is purifying a particular protein for the first time, it is often necessary to screen a number of detergents in order to optimise protein solubilization.
Membrane aliquots should be incubated with various concentrations of commonly used detergents and incubation time, buffer concentration, salt solutions and temperature conditions necessary for optimal solublization should be determined. A protocol describing detergent screening for membrane protein purification for analysis by mass spectroscopy has recently been described (3).
Insert Table 2 about here
When screening potential detergents, it is important to be aware of the unique critical micelle concentration (CMC), which is the concentration of free detergent at which the transition from disperse detergent molecules to a micellar structure occurs (16).
Since solubilization corresponds to the removal of the protein from the membrane into the detergent micelle, the CMC is the minimal concentration of detergent necessary to form the required micellar structure for protein extraction (16). CMC values, some of which are listed in Table 2 , vary between different detergents, but are usually available from the detergent manufacturer.
Additional considerations when choosing detergents include evaluating the effects of a given detergent on the structural and functional properties of the protein of interest.
The effects of detergents on the protein stability may be checked during preliminary screens using different detergents. More recently developed detergents, such as should be stirred gently for 1 hour at room temperature or 4 °C, followed by centrifugation for 1 hour at 100,000 x g at 4° C. Generally speaking, retention of a membrane protein in the supernatant following centrifugation for 60 min at 100,000 x g after solubilizaion defines this protein as soluble (10). The pellet may subsequently be washed to remove residual detergent and finally resuspended in the appropriate buffer (16). Protein recovery and activity should be investigated in both the pellet and supernatant at this stage. The procedure for solubilizing membrane proteins using the non-ionic detergent Triton X-100 is outlined in Section 3.3.
Removal of Detergents from Membrane Protein Fractions
The high detergent concentrations that are often required during the initial extraction of integral membrane proteins could potentially affect the stability and subsequent analysis of the isolated membrane proteins, therefore excess detergent should be removed or exchanged for an alternative detergent prior to subsequent purification procedures. Examples of methods used to remove or exchange detergents are listed in Table 3 . The choice of technique depends on the unique properties of the detergent used and the concentration range of the protein fraction.
Insert Table 3 
about here
Successful detergent exchange or removal can be achieved using various A protocol for dialysis is described in Section 3.4 of this chapter. Detergent removal by means of chromatographic supports (see Section 3.5) is relatively work-intensive but is a more rapid procedure than dialysis so can be advantageous in cases where protein stability is an issue.
Following initial extraction of membrane proteins, solubilization using detergent, and detergent removal or exchange, membrane proteins can then be purified to homogeneity using a variety of protein purification techniques, depending on the particular needs of the investigator and the given properties and abundance of the protein of interest. Because there is no single procedure to characterize membrane proteins, the key importance of membrane purification lies with the initial extraction and solubilization steps, in order to generate a high yield of pure protein in its native biologically active state. The methods section of this chapter outlines examples of techniques used during the important initial stages of membrane protein purification.
Materials

Fractionation of Peripheral and Integral Membrane Proteins using High pH
1. High pH buffer: 100 mM Na 2 CO 3, pH 11. The starting material can be enriched if the target protein is known to be associated with the plasma membrane, mitochondria or nucleus. During initial steps of membrane protein isolation, cytosolic proteins can be removed to obtain an enriched preparation of membranes containing the protein of interest. Soluble cytoplasmic proteins are extracted by cell disruption in a neutral pH, isotonic and detergent-free buffer (10), followed by differential centrifugation or purification using sucrose gradient centrifugation.
5. The pH of the working buffer should be tested following addition of any protease inhibitors, as addition of such components may alter the final pH of the buffer.
6. It is worthwhile determining the effect of the high pH buffer on any enzymatic activity the protein of interest may have, and considering potential interactions the buffer may have with any column matrix that will be used at later stages in the purification process.
7.
A suitable protein concentration assay should be considered. Options include measuring ultra-violet absorbance at 280 nm, or using one of several commercially available dye-binding assays, such as the Bradford assay, the bicinchonic acid (BCA) assay or other assays (see Chapter 13).
8. It is worthwhile to keep the butanol phase for protein assays as it may contain extremely hydrophobic proteins that are difficult to solubilize.
9. The effect of the Triton X-100 solubilization procedure on the structural and functional properties of the protein of interest should be evaluated during preliminary screening experiments. In order to maintain catalytic activity, the membrane protein should be dissolved under optimal conditions for stability at a detergent/protein ratio that is not much above the minimal detergent/protein ratio required for solubilization 12. Use washing buffer to dissolve the protein fraction for optimum detergent binding.
13. As dialysis tubing is susceptible to cellulolytic micro-organisms, gloves should be worn when handling the tubing.
14. A small funnel may be used to aid transfer of the protein fraction into the dialysis tubing 15. Prior to transferring the protein fraction into the dialysis tubing, the integrity of the membrane and clamp/knot can be tested by applying water or buffer and checking the tubing for leaks.
16. Avoid losing dialyzed samples by carefully opening the tubing over a larger glass beaker to collect any accidental spillage.
